The heat shock factor family: redundancy and specialization
The stress signal that activates the heat shock response is widely held to be the flux of non-native, such as, nipfridid proteins (Morimoto et al. 1994b ). Adaptation to this stress, in turn, leads to the elevated expression of heat shock genes such that molecular chaperones are rapidly synthesized and deployed to prevent protein misfolding and to assist in their refolding to the native state. Stress-induced transcription requires activation of heat shock factor (HSF) (Lis and Wu 1993; Morimoto 1993; Voellmy 1994 Voellmy , 1996 Wu 1995 ) that binds to the heat shock promoter element (HSE), characterized as multiple adjacent and inverse iterations of the pentanucleotide motif 5Ј-nGAAn-3Ј (Fernandes et al. 1994 ). An unexpected complexity of the regulation of the heat shock response was the finding that plants and larger animals, unlike yeast and Drosophila, have multiple HSFs (Sorger and Pelham 1988; Wiederrecht et al. 1988; Clos et al. 1990; Scharf et al. 1990 Scharf et al. , 1993 Sarge et al. 1991; Schuetz et al. 1991; Nakai and Morimoto 1993; Treuter et al. 1993; Czarnecka-Verner et al. 1995; Nover et al. 1996; Nakai et al. 1997) . Among vertebrates, HSFs 1, 2, and 4 are ubiquitous, whereas HSF3 has been characterized only in avian species (Table 1) . Thus far, our understanding of the role and function of each of these HSFs is incomplete. However, it appears that the diversity of HSFs provides redundancy and specialization of stress signals, a means to differentially control the rate of transcription of heat shock genes, and provides novel interactions with other regulatory factors thus expanding the link between cell stress and other genetic networks.
Among the various cloned HSF genes, there is an overall sequence identity of 40% with structural conservation ( Fig. 2) in the winged helix-turn-helix DNA binding domain (Harrison et al. 1994; Vuister et al. 1994; Schultheiss et al. 1996) , an adjacent 80 residue hydrophobic repeat (HR-A/B) essential for trimer formation (Sorger and Nelson 1989; Clos et al. 1990; Peteranderl and Nelson 1992) , and the carboxy-terminal transactivation domain (Chen et al. 1993; Green et al. 1995; Shi et al. 1995; Zuo et al. 1995; Wisniewski et al. 1996) . With the exception of the HSF in budding yeast and human HSF4, another hydrophobic repeat (HR-C) is located adjacent to the transactivation domain; this repeat has been suggested to suppress trimer formation by interacting with HR-A/B (Nakai and Morimoto 1993; Rabindran et al. 1993) . Also, positioned between HR-A/B and HR-C are sequences that negatively regulate DNA binding and transcriptional activation (Nieto-Sotelo et al. 1990; Hoj and Jakobsen 1994; Green et al. 1995; Shi et al. 1995; Zuo et al. 1995) . Other features unique to certain HSFs are the presence of an amino-terminal transactivation domain in the Saccharomyces cerevisiae HSF (Sorger 1990) and spliced variants of mouse and human HSF2 and HSF4, which have variable transactivation properties (Fiorenza et al. 1995; A. Nakai, pers. comm.) . Apart from S. cerevisiae, the HSF form present in unstressed cells is a latent monomer that lacks both DNA binding and transcriptional activity (Larson et al. 1988; Clos et al. 1990; Rabindran et al. 1991 ; Sarge et al. , 1993 Baler et al. 1993; Westwood and Wu 1993; Zuo et al. 1994) . Of the HSFs coexpressed in vertebrates, HSF1 is functionally analogous to yeast and Drosophila HSF as the principal stress-induced transcription factor (Nakai et al. 1993; Rabindran et al. 1991; Sarge et al. 1991) . Yeast HSF is essential and in Drosophila, loss of HSF exhibits an early developmental phenotype and is essential for induction of the heat shock response and stress tolerance (Wiederrecht et al. 1988; Jedlicka et al. 1997; Sorger et al. 1988) . Mice lacking HSF1 can develop normally and attain adulthood. However, fibroblasts derived from HSF1-deficient mice are incapable of stress-induced transcription of heat shock genes, consistent with the expectations of the central role of HSF1 in the heat shock response (McMillan et al. 1998) .
Activation of HSF1 (see below) is in response to a multitude of stress conditions, such as heat shock, oxidative stress, and amino acid analogs that lead to the synthesis of non-native proteins (Morimoto et al. , 1994b Wu 1995) . Because heat shock also leads to the inhibition of protein synthesis, and in doing so prevents the appearance of nascent polypeptides that could misfold, HSF1 has an important role in the molecular response to non-native proteins. In the stressed cell, the fate of non-native proteins therefore depends exquisitely upon molecular chaperones to capture and maintain intermediate folded states, and upon recovery to facilitate their refolding or degradation. In avian cells, HSF1 and HSF3 are coexpressed and coactivated by chemical and physiological stress, which led to the suggestion of HSF regulatory and function redundancy (Nakai et al. 1995; Tanabe et al. 1997) . However, it is now clear that cells lacking HSF3 are severely compromised for induction of the heat shock response even though HSF1 is expressed (Tanabe et al. 1998) . HSF3 also interacts with other transcription factors and can be activated by the Myb oncogene, independent of stress, via direct protein-protein interaction between the HSF3 and Myb DNA binding domains (Kanei-Ishii et al. 1997 ). The interactions between Myb and HSF3 reveal novel genetic regulatory pathways that connect events of cell growth and cell stress.
Relative to the more complete characterization of HSF1 during the heat shock response, the regulation and role of HSF2 has been an enigma. Induction of the DNA binding properties of HSF2 is accompanied by a transition from an inert dimeric state to an activated trimer and occurs during early mouse embryonic development, spermatogenesis, and in human erythroleukemia K562 cells exposed to hemin (Theodorakis et al. 1989; Sistonen et al. 1992; 1994; Mezger et al. 1994; Sarge et al. 1994; Rallu et al. 1997) . Although these results suggested that HSF2 activity was associated with development and differentiation, the events responsible for activation of HSF2 were uncharacterized. The stress signal responsible for HSF2 activation was recently shown to result from downregulation of the ubiquitin-dependent protein degradation machinery . Incubation of mammalian cells expressing HSF2 with specific inhibitors of the ubiquitin-proteasome pathway, such as MG132 or lactacystin, resulted in the activation of HSF2 DNA binding activity in a cell-type-independent mechanism. Unlike HSF1, HSF2 is a labile protein whose concentration increases upon inhibition of proteasome activity ). These results establish a role for HSF2 in the heat shock response as a molecular response to the flux of non-native proteins targeted for protein degradation, as a complement to HSF1 that is principally activated by the flux of newly synthesized non-native proteins. Consequently, the kinetics of HSF1 activation typically is very rapidly relative to the delayed activation profile of HSF2 (Sistonen et al. 1994) . Selex experiments performed to identify the optimal nucleotide binding sites for HSF1 and HSF2 have suggested potential distinctions in preferences for the consensus HSE and differences in the numbers of HSE pentamer binding sites required for optimal binding of either HSF (Kroeger and Morimoto 1994) . These studies have raised the possibility that HSF2 may have distinct target genes from those of HSF1, as well as differing specificities for common target genes (Leppa et al. 1997; Liu et al. 1997) .
General features of heat shock gene transcription following binding of HSF to its target have been elucidated elegantly and will only be summarized here briefly as this has been the topic of recent reviews (Lis and Wu Schematic representation of HSF1 structural motifs corresponding to the DNA-binding domain, hydrophobic heptad repeats (HR-A/B and HR-C), the carboxy-terminal transcriptional activation domain, and the negative regulatory domains that influence HSF1 activity. The relative positions of these domains in HSF1 are indicated by the amino acid residues. Shown below is a schematic of the intramolecular negatively regulated monomer that, upon stress exposure, is activated to form homotrimers with DNA-binding activity.
1993 ; Wu 1995) . The inducible binding of HSF leads to changes in the organization of chromatin structure localized to the 5∼-flanking regions of heat shock genes (Wu 1980 (Wu , 1984 Giardina et al. 1992) . Although HSF associates with components of the chromatin remodeling machinery (Becker and Wu 1992; Tsukiyama et al. 1994; Brown and Kingston 1997) and the basal transcriptional machinery, association specifically with TBP also has been detected (Mason and Lis 1997) . Such interactions may be critical for the release of the paused RNA polymerase II that represents a pre-initiated nascent transcript that elongates in a stress-dependent manner to yield inducible heat shock mRNAs (Gilmour and Lis 1986; Rougvie and Lis 1988) .
Who detects stress?
Does HSF directly sense its biochemical environment? Although heat shock has been the typical stress condition employed, HSF trimer formation cannot solely be a temperature-regulated event because the majority of stressors have their effect in cells grown at 37°C. Yet, there exists a substantial amount of data indicating that HSF translated in vitro in reticulocyte lysates can be activated by heat shock and that purified Drosophila HSF or recombinant mouse and human HSF1 can acquire DNA binding upon in vitro heat shock (Mosser et al. 1990; Larson et al. 1995; Zhong et al. 1998) . Likewise, in vitro translated HSF1 or purified HSF can be activated by low pH (pH 6.5) or salicylate (Mosser et al. 1990; Zhong et al. 1998) . As salicylate is an organic acid, its effect on HSF activity could be analogous to the activating effects of low pH, perhaps acting on HSF1 conformation. Although these results suggest that the intrinsic properties of HSF can be modulated by its biochemical environment, they do not exclude a role for other negative regulators that may function to keep HSF in the repressed state.
Is activation of HSF1 a titrated phenomenon such that simultaneous or subsequent exposure to multiple stressors at subthreshold levels leads to a complete heat shock response? This issue addresses whether stress has multiple distinct targets or stress receptors and whether these stress signals converge upon common pathways. The temperature for activation of HSF is not an absolute; to illustrate this point, growing HeLa cells at temperatures <37°C reduces the temperature required for complete activation of HSF1 (Abravaya et al. 1991) . Likewise, human HSF1 expressed in Drosophila cells becomes activated at the temperature of the Drosophila heat shock response (37°C) . Consistent with these observations, incubation of mammalian cells with a subthreshold concentration (for HSF1 activation) of indomethacin or other nonsteroidal anti-inflammatory drugs sensitizes treated cells such that the temperature or stress required for induction of the heat shock response is reduced (Lee et al. 1995) . These observations support the notion that many if not all of the inducers of the heat shock response converge on common pathways resulting from an imbalance in protein homeostasis.
HSF cycle: feedback from molecular chaperones and negative regulators
Under normal growth conditions in metazoans, HSF1 activity is repressed and exists either in the cytosol or nucleus in an inert monomeric state. Negative regulation of the DNA binding and transactivation domains involves intramolecular interactions with the central region of HSF1 and is also influenced by constitutive phosphorylation at critical serine residues (Knauf et al. 1996; Kline and Morimoto 1997) . Molecular chaperones such as Hsp90 have also been shown to have a role in maintaining HSF1 in an inert state (Ali et al. 1998; Zuo et al. 1998) . However it remains to be demonstrated how interactions with specific chaperones maintains the repressed monomeric state or shifts the equilibrium back to the monomer. Heat shock and other stresses cause derepression of HSF1, initiating the events that lead to the appearance of the transcriptionally active trimer. Activation of HSF1 is a multistep process (Fig. 3 ) that results in a transcriptionally competent state that is characterized typically by hyperphosphorylation at multiple serine residues (Hensold et al. 1990; Jurivich et al. 1992; Sarge et al. 1993; Cotto et al. 1996; Kline and Morimoto 1997) . Although heat shock and most other stresses convert HSF1 to the fully active trimer, sodium salicylate treatment activates HSF1 to an intermediate trimeric state, which is bound in vivo to the promoter of the Hsp70 gene, yet is transcriptionally inert (Jurivich et al. 1992) . It is intriguing to note that the two DNA binding competent forms of metazoan HSF that differ in transcriptional activity correspond respectively to the control and activated forms of S. cerevisiae HSF (Sorger et al. 1987) . Thus, despite the ancient origins of the heat shock response, the regulation of HSF has, along the way, acquired additional levels of control.
If the function of the heat shock response is to increase the levels of heat shock proteins, then what mechanism exists to repress the response? A substantial amount of genetic and biochemical evidence from studies in prokaryotes and eukaryotes support a role for heat shock proteins in the negative regulation of heat shock. For example, in yeast, an extragenic suppressor of an Hsp70 mutant that exhibits a poor-growth phenotype at 37°C was identified as a mutant allele of HSF that had reduced DNA binding activity (Halladay and Craig 1995) . Complexes of Hsp70 and HSF trimers have been detected during attenuation of the heat shock transcriptional response (Abravaya et al. 1992; Baler et al. 1992; Shi et al. 1998 ) and consistent with a regulatory role for chaperones in the heat shock response, overexpression of Hsp70 or Hdj-1/Hsp40 in the absence of stress prevents the inducible transcription of heat shock genes (Mosser et al. 1993; Rabindran et al. 1994; Shi et al. 1998) . Although the mechanism by which Hsp70 and Hdj1/Hsp40 repress HSF1 has not been fully elucidated, these molecular chaperones bind directly to the HSF1 transactivation domain (Fig. 3) . The Hsp70 chaperones and cochaperones alone are insufficient to prevent the appearance of HSF1 trimers; these results demonstrate that the Regulation of the heat shock response acquisition of transcriptional activity is a distinct process from regulation of trimer formation.
Given the ease by which HSF1 is activated, perhaps it would not be surprising were the cell to expend additional efforts to monitor and control the activated state of HSF. For example, the stable conversion of the trimer to monomer might be expected to involve additional steps, including dissociation of the trimers by destabilization of the hydrophobic heptads, dephosphorylation, and refolding to the inert monomeric state. Using a yeast two-hybrid protein interaction screen, a novel protein that associates specifically with the HSF hydrophobic heptads and regulates its activity was identified (Satyal et al. 1998) . Heat shock factor binding protein 1 (HSBP1), is a conserved protein (from Caenorhabditis elegans to humans) of 76 amino acids that contains an extended hydrophobic heptad repeat that is necessary for interaction with the hydrophobic heptads of HSF1. HSBP1 interacts both with the trimeric state of HSF1 and Hsp70, and not with the monomeric form of HSF1 (Fig. 3) . HSBP1 has the properties of a negative regulator of the heat shock response. Overexpression of the C. elegans HSB-1 (CeHSB-1) in a tissue-specific manner inhibited the heat shock response in transgenic animals containing an integrated heat shock reporter construct (Fig. 4) . The phenotypes that result from increased or decreased levels of CeHSB-1 offer intriguing hints into the complexity of the heat shock response. CeHSB-1 overexpression reduces animal survival following extreme thermal and chemical stress, whereas loss of CeHSB-1 expression increases stress survival above that of wild-type animals. Thus, although CeHSB-1 may have an important role in the regulation of HSF activity and the heat shock transcriptional response, other redundant mechanisms ensure survival.
Numerous questions remain regarding the roles of molecular chaperones and HSBP1 in regulating the heat shock response. Rather than function stoichiometrically with HSF1, HSBP1 and the molecular chaperones may function catalytically to associate transiently with and destabilize the HSF1 hydrophobic heptads, thus allowing chaperones and other yet unidentified molecules to shift the equilibrium of HSF1 trimers to the monomer. Although these proteins function as negative regulators of HSF1 activity, features of how and when they bind, and 3 . Regulation of the heat shock response and the HSF cycle. Activation of heat shock factor 1 (HSF1) is linked to the appearance of nonnative proteins and the requirement for molecular chaperones (Hsp90, Hsp70, and Hdj1) to prevent the appearance of misfolded proteins. HSF1 exists in the control state in the cytoplasm or nucleus as an inert monomer (shown as intramolecularly negatively regulated for DNA-binding and transcriptional activity) through transient interactions with chaperones such as Hsp90 and Hsp70. Activation of HSF1 is associated with a step-wise process, including relocalization to the nucleus and acquisition of a DNA binding competent state that is transcriptionally inert, stressinducible phosphorylation associated with transcriptional activity, and inducible transcription of heat shock genes. During attenuation of the heat shock response, the transcriptional activity of HSF1 is repressed by direct binding of Hsp70 and Hdj-1, and the trimers are negatively regulated by HSF binding protein 1 (HSBP1), which binds both to the hydrophobic heptad repeat of HSF1 and to Hsp70. These events lead to the dissociation of HSF1 trimers and appearance of HSF1 inert monomers.
the consequence of forming a macromolecular complex with HSF1 remain to be understood.
Organizing the stress response: stress-induced intranuclear HSF granules
Coincident with the stress-induced activation of HSF and the induction of heat shock gene transcription, HSF1 relocalizes within the nucleus to form unique, large irregularly shaped granules distinct from other nuclear bodies (Sarge et al. 1993; Cotto et al. 1997; Jolly et al. 1997) . HSF1 granules (Fig. 5) have been detected in fixed human primary and transformed tissue culture cell lines by indirect immunofluorescence and in living human cells using a chimeric fusion between HSF1 and green fluorescent protein. The number of HSF1 foci detected in primary and transformed human cells correlates with the ploidy of the cells, consistent with HSF1 granules having a chromosomal target. HSF1 granules appear rapidly and transiently upon heat shock and other stresses, parallel with the activation and attenuation of HSF1 and the transcription of heat shock genes (Cotto et al. 1997) . During attenuation, HSF1 granules are not detected and HSF1 redistributes to the general diffuse nuclear or cytoplasmic localization in unstressed cells. The appearance of HSF1 granules is strictly linked with transcriptional activation of heat shock genes as inducers, such as sodium salicylate which activate transcriptionally inert nuclear-localized HSF trimers, do not cause relocalization of HSF1 into HSF1 granules.
Although these results implicate a role for HSF1 granules as the sites of heat shock gene transcription, experiments using fluorescence in situ hybridization (FISH) analysis to map sites of Hsp90␣ and Hsp90␤ and Hsp70 transcription, together with anti-HSF1 immunofluorescence, do not support this conclusion (Jolly et al. 1997 ). The association with heat shock gene transcription yet the absence of colocalization with HSF1 granules leaves open the intriguing possibility that HSF1 trimers shuttle between the DNA bound state and a compartmentalized state to coordinate the transcription of heat shock genes that are dispersed throughout the nucleus as another point where HSF1 activity is regulated.
Prospectus
Studies on the heat shock transcriptional response have served many purposes, as a paradigm to assess the molecular response to stress, as a powerful tool to elucidate features of DNA structure, chromatin organization, and regulatory mechanisms associated with gene expression in the uninduced and induced state, and to decipher the molecular strategies employed by the cell to protect itself from deleterious consequences of transient and prolonged stress. Whether HSF is activated or repressed, therefore, reflects the equilibrium between negative regulators that in many cases provide a molecular buffer to non-native proteins and the effects of diverse forms of stress that cause a flux in non-native proteins. Future studies will establish how different members of the HSF gene family either respond to different forms of stress, ensure regulation at distinct stages of activation or repression of the heat shock response, or provide an interface between the stress response and other transcription regulatory pathways. Ultimately, these studies will lead to new insights on the integration of genetic regulatory switches and the role of molecular chaperones in cell growth, development, and cell death as the organism adjusts to the needs of development, adaptation, and survival.
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